Objective: To analyze the volumetric modifications of the non tumourous part of the liver when liver metastases (LM) decrease under chemotherapy. Methods: Patients were highly selected based on the following criteria: multiple bilateral large colorectal LM, response of LM attaining at least 85% under chemotherapy. The volumes and ratios of the whole liver, of the LM, and mainly of the non tumourous (normal) part of the liver, were measured on CT scan before and after chemotherapy. Results: Only ten (5%) among 198 treated patients were eligible. Nine of them had received intraarterial chemotherapy. Metastatic involvement was initially 34% before chemotherapy (range: 13% -75%), and was 5% (range: 1% -25%) after chemotherapy. The whole liver volume decreased by 41% (range: 23% -68%) after chemotherapy. The non metastatic liver (volume and ratio) decreased after chemotherapy in 6 patients and increased in 4 patients. The volume and ratio increased in the 4 patients whose disease initially exhibited the highest metastatic involvement (p = 0.01). Conclusion: The volume of the non metastatic part of the liver varied slightly under standard chemotherapy. Intra-arterial chemotherapy induces dramatic responses, but also liver injury which impairs liver regeneration. However increasing volumes were observed when initial tumour involvement was major.
Introduction
The resectability of liver metastases (LM) has increased with progress in surgical techniques [1, 2] and in chemotherapy for malignancies such as colorectal cancer [3] . Unresectability can be due to oncologic reasons (for example, a high number of LM), or to technical reasons (mainly volumetric reasons, the remaining liver is likely to be too small after an extended hepatectomy). More and more dramatic responses and sometimes complete responses of LM are observed after chemotherapy [4] [5] [6] . These responses can render, otherwise initially unresectable LM, amenable to surgery. If this hypothesis is true, the volume and ratio of the non-tumourous, normal parenchyma should progressively increase, and this may have a potential impact on the subsequent treatment strategy. To our knowledge, no study has focused on variations in the ratio of tumourous/normal liver volumes during chemotherapy.
Our objective was to show that a decreasing volume of LM is associated with an increasing volume of normal liver (non tumourous) parenchyma. We postulated that if no study has been devoted to this subject, it is because it is by no means an obvious process, but a marginal process. This is why we decided to only study "extreme" cases, i.e. highly selected patients who initially presented with numerous large bilateral LM and achieved a dramatic and unusual response after chemotherapy.
Patients and Methods

Patients
We retrospectively reviewed the medical files of patients with initially unresectable colorectal LM treated in our centre between January 2007 and January 2010.
Selection criteria were as follows: 1) patients with multiple bilateral large LM of colorectal origin, 2) no central portal branch compression, 3) response after chemotherapy affecting at least 85% of the volume of the metastases. An example of such a dramatic response is given in Figure 1 . LM greater than 5 cm in diameter were present and multiple in all the patients and frequently associated with smaller LM.
Methods
Liver volumes were measured on CT scan performed before and after chemotherapy according to the following method: all CT scanning was performed with a helicoidal scanner, and CT data were transferred to an independent work station for assessment. Liver and LM volumes were determined by semi-automated contouring on scans. This was performed on serial axial images: on each section, the total liver and LM were measured and the sum of the sections was calculated by integrated software. Large lesions (selection criterion) were easily measured before and after chemotherapy, but small lesions were taken into account only when they were greater than 1 cm of diameter. Three types of volume were assessed: the total liver volume, the volume of LM, and that of the non metastatic (normal) liver.
Statistical Analysis
Continuous data were compared with the Mann-Whitney U test. The level of statistical significance was set at p < 0.05 and tests were always 2-sided. The analysis was performed using the Statistical Package for the Social Sciences (SPSS, version 16.0, Chicago, IL, USA).
Results
Among 198 cases with initially unresectable LM treated during this 3-year period in our centre, only ten patients had presented with our stringent selection criteria. The decrease in the volume of LM under chemotherapy ranged from 85% to 97% (median: 93%). The chemotherapy regimens yielding this result are reported in Table 1. It is noteworthy that nine of the patients had received intra-arterial oxaliplatin-based chemotherapy. This dramatic response under chemotherapy was obtained after first-line chemotherapy in eight of the 10 patients, Variations of the three different volumes, before and after chemotherapy, are reported in Table 2 .
Metastatic involvement: Before chemotherapy, metastatic involvement ranged from 13% to 75% (median: 34%), and after chemotherapy, it ranged from 1% to 25% (median: 5%).
Total liver volume: Before chemotherapy, it ranged from 2260 ml to 7053 ml (median: 2421 ml). After chemotherapy, it ranged from 1308 ml to 1984 ml (median: 1623 ml), with a clear decrease in volume in all cases and median shrinkage attaining 41% (range: 23% -67%, mean: 41%) (Table 3) .
Normal liver volume (non metastatic liver): This volume represented from 25% to 87% of the total liver volume before chemotherapy (median: 66%) ( Table 2) . After chemotherapy (Table 3) , it increased in 4 patients (respectively by 15%, 18%, 41%, and 52%) and decreased in six patients (respectively by 9%, 10%, 19%, 27%, 30%, and 30%). No correlation was found between this increase or decrease in volumes and the following parameters: age, the chemotherapy regimen, or the duration of chemotherapy. Copyright © 2012 SciRes. SS However, it is noteworthy that the four patients who initially had the lowest ratio of normal (non metastatic) liver [25%, 28%, 35%, 58%] were those who exhibited an increasing normal liver volume after chemotherapy and this was statistically significant (p = 0.01).
Discussion
Our aim at the beginning of this study was to determine whether the normal liver parenchyma was invaded (and destroyed) or compressed by LM, and whether normal liver was able to grow again and to replace the tumour after response to chemotherapy. This is why we focused exclusively on very selected patients exhibiting numerous and large LM whose volume decreased by at least 85% under chemotherapy. However, the variations in the volume and ratio of the normal liver (non-metastatic) that we observed appear to be divergent.
Our patient selection criteria focused on patients exhibiting large and multiple LM achieving a dramatic response under chemotherapy. Theoretically these "extreme" cases were the most qualified to demonstrate regeneration of the normal liver as LM were eradicated. The consequence of this extremely severe selection is that we had very few patients at our disposal. We discovered, a posteriori, that intra-arterial chemotherapy with oxaliplatin had been administered to 9 of the ten patients selected, associated with systemic chemotherapy. Clearly, the intra-arterial route was the main reason for the efficacy of chemotherapy in these patients. The use of intra-arterial chemotherapy therefore induced a selection bias giving preference to patients with a particularly impaired liver parenchyma [7, 8] . Oxaliplatin is routinely administered intra-arterially in our institution and we observed that liver function measured by indocyanine green clearance is highly impaired after this intra-arterial therapy, far more than after systemic chemotherapy. This clearance was always higher than 30% at 15 min (i.e. normal value X3) after intra-arterial oxaliplatin (data not shown). This particularly impaired liver parenchyma probably does not regenerate in a manner akin to that of its normal counterparts. Finally, we are faced with a paradox: the exclusive use of intra-arterial chemotherapy yields an 85% reduction of LM, but it also induces tissue impairment which probably hinders hypertrophy or regeneration.
Nevertheless, a few important considerations can be deduced from our study:
First, the total volume of the liver increases when there is massive tumour involvement. Constant tumour progression in the liver results in a huge liver and death through liver failure. In such cases, tumour growth is so extensive that it asphyxiates the liver parenchyma and basically tumour tissue gradually supplants liver parenchyma. This can also be deduced indirectly because the total liver volume regressed under chemotherapy in all of our patients.
Second, the total liver volume decreases when LM decrease. The first obvious effect of efficient chemotherapy was to decrease the total liver volume in every case. In our highly selected cases the mean decrease in the total volume was 41%. This was not an evident assessment, considering that this volume could be stay the same if the decreasing of LM was counterbalanced by the increasing of the liver parenchyma.
Third, the volume of the non-tumourous liver varied slightly but unpredictably. In the literature, there is no report on this topic because it is difficult to study. The only precise data available concern the use of preoperative selective portal embolization (mainly of the right branch) in order to achieve hypertrophy of a small future remaining left part of the liver [9, 10] . Briefly, portal embolization must target at least two-thirds of the liver parenchyma in order to obtain a 10% increase in the ratio of the non-embolized liver (example: the left lobe increasing from 25% to 35%), thereby rendering initially unresectable disease, amenable to surgery [10, 11] . Right preoperative portal embolization was also shown to be ineffective and unnecessary before a standardized right hepatectomy [12] . In other words, only a major and dramatic vascular modification is able to induce a moderate variation of the volume of the liver parenchyma. In the case of progressing LM, there is no such vascular change, but only invasion or compression of the liver parenchyma by tumours. Their impact on the variation of the volume of the liver parenchyma is therefore limited.
In our present study, dramatic tumour regression resulted in a decrease in the normal (non metastatic) liver parenchyma in 6 patients and an increase in 4 patients, making it difficult to conclude. However, it must be underlined that the 4 patients with an increased normal liver tissue volume were those with the lowest ratio of normal parenchyma before treatment. This must be placed in parallel with that observed after portal embolization: hypertrophy or liver regeneration is observed only when metastatic involvement affects roughly 2/3 of the liver, and also when approximately 2/3 of the portal branches are embolized.
The reason for the increasing process appears to be simple: liver involvement roughly exceeding 50% induces relative liver insufficiency due to intra-hepatic tissue and vascular hyperpressure, which disappears with shrinkage of huge LM. The reason for the decreasing process is due to the hepatic toxicity induced by the intra-arterial route used to administer chemotherapy. Local chemotherapy induces fibrosis [7] and sometimes cirrhosis [8] , resulting in a lack of hypertrophy or regeneration, as seen after portal embolization in a cirrhotic setting [13] . Finally, in most patients receiving chemotherapy for LM, the variation in the volume of the non-tumourous liver is moderate and usually remains undetected.
For the time being, there is no major therapeutic repercussion expected from this rare phenomenon of regrowth of the normal liver parenchyma. Indeed, the shrinkage of LM caused by chemotherapy is more important for modifying the treatment strategy and rendering initially unresectable LM amenable to surgery than the re-growth phenomenon. However, the speed at which the normal liver parenchyma is regenerated is so far unknown, but it is low. Recently, hypertrophy of the liver after selective portal embolization was shown to persist over at least one year after embolization [14] . In other words, the phenomenon of liver recovery is different after hepatectomy (when it is rapid) than after atrophy of one part of the liver which occurs after selective portal embolization (when it is slow). In the future, it should be possible to wait much longer than usual after response to chemotherapy before appraising liver regeneration and deciding whether resectability is viable. New strategies including "waiting" while the patient is under light maintenance chemotherapy could be developed before declaring the LM definitively unresectable for volumetric reasons.
In conclusion, the main message of our study is that a volumetric variation in the non metastatic portion of the liver is negligible after usual standard chemotherapy. A dramatic reduction of LM is obtained only with intra-arterial chemotherapy which induces liver injuries that obstruct the regeneration of the non metastatic liver. However, an increasing volume was observed in cases with initial massive metastatic involvement.
